Internal energy selected C 4 H 5 Br + ions were prepared by vacuum ultraviolet photoionization from the bromobutyne constitutional isomers 4-bromo-1-butyne, 1-bromo-2-butyne, and 3-bromo-1-butyne. The lowest energy dissociative photoionization channel is Br-loss. 1-Bromo-2-butyne and 3-bromo-1-butyne cations are not metastable, and based on the threshold photoionization breakdown diagrams and neutral internal energy distributions, 0 K appearance energies of E 0 = 10.375 AE 0.010 and 10.284 AE 0.010 eV are obtained, respectively. A kinetic shift has been observed in the Br loss of the 4-bromo-1-butyne cation, and the experimental dissociation rates were also modeled to obtain E 0 = 10.616 AE 0.030 eV. The energetics of the samples and nine C 4 H 5 and C 4 H 5 + structures are explored using G4 theory, which suggests that only the staggered 4-bromo-1-butyne rotamer cation loses Br to form a high-energy cyclic C 4 H 5 + isomer, while the relative appearance energies indicate that 1-bromo-2-butyne and 3-bromo-1-butyne form the linear CH 2 CCCH 3 + ion. The subtraction scheme for hot electron suppression in threshold photoelectron-photoion coincidence (TPEPICO) is discussed, and is used to introduce velocity map imaging (VMI-)PEPICO and data analysis. The derived onsets and the dissociation rate curve show that modeling VMI-PEPICO data taken close above or below the disappearance energy of the parent ion to obtain imaging breakdown diagrams is a feasible approach also in the presence of a kinetic shift. Imaging breakdown diagrams are advantageous when signal levels are low or short acquisition times necessary, such as in the case of reactive intermediates or in time resolved experiments, and can also be used as a fast molecular thermometer.
Introduction
Photoelectron-photoion coincidence 1,2 spectroscopy can be used to prepare internal energy selected photoions and study their dissociative photoionization processes. 3, 4 Internal energy selection is achieved by setting the photon energy, selecting for an electron kinetic energy and thus ensuring that the excess energy deposited in the photoion is known. The measured thresholds can then be applied in the ion cycle to determine thermochemical properties, such as enthalpies of formation or proton affinities. 5, 6 In threshold photoelectron-photoion coincidence (TPEPICO), the photon energy is scanned and zero kinetic energy electrons serve as the start signal for photoion time-of-flight (TOF) analysis. The experimental results can then be concisely plotted in the threshold photoelectron spectrum (TPES) and the fractional parent and daughter ion abundances as a function of the photon energy in the breakdown diagram. With the advent of velocity map imaging (VMI), 7, 8 it became possible to focus threshold electrons onto a single, central spot of a position sensitive detector and detect them with a close to 50% collection efficiency. 9 The electron kinetic energy resolution is determined by the extraction field and the spatial resolution of the detector, and can be on the order of 10 meV (1 kJ mol
À1
) using masked multichannel plates, and about 1 meV (0.1 kJ mol
) with position sensitive detectors. The latter is also used in the Imaging Photoelectron-Photoion Coincidence (iPEPICO) experiment at the vacuum ultraviolet (VUV) beamline of the Swiss Light Source, 10 and allowed, e.g., for the most accurate formaldehyde proton affinity measurement so far. 6 New generation single imaging PEPICO experiments at synchrotron light sources have recently been enhanced by double imaging setups, 11, 12 in which both photoelectrons and photoions are velocity map imaged in delayed coincidence. Together with the triggerless data acquisition technique, 13 which enables high event frequencies at arbitrarily high ion flight times, dissociative photoionization processes can now be studied with unprecedented detail. Sequential and parallel unimolecular dissociation reactions can be modeled statistically. 14 When certain nuclear or electronic degrees of freedom are disconnected in non-statistical processes, the mechanism can be established based, e.g., on the correlation between the breakdown diagram and the threshold photoelectron spectrum. 15, 16 The advances in the experimental hardware and data acquisition techniques have only partially been matched by improvements in the data analysis. Photoionization above the ionization energy may yield a broad photoelectron energy distribution with only a fraction of ionization events yielding threshold electrons. Kinetic energy electrons are rejected in TPEPICO, and a plausible multiplexing advantage of velocity map imaging photoelectron-photoion coincidence (VMI-PEPICO) with them: the photon energy scan is already contained in the velocity map images of slow photoelectrons. The most straightforward application of VMI images is to identify isomers in many-component mixtures based on their photoion mass-selected VMI photoelectron fingerprint. 17 Several methods have also been proposed to transform VMI data and reconstruct the momentum and the kinetic energy distribution of the imaged particles, [18] [19] [20] [21] [22] [23] [24] but most inversion methods propagate noise towards the center of the image, where the absolute energy resolution is best. Slow Electron Velocity Map Imaging (SEVI) 25 and Slow Photoelectron Spectroscopy (SPES) 26 are two techniques designed to draw on the velocity distribution information of slow electrons. VUV-VMI photoelectron spectroscopy was used to obtain the best resolved propargyl radical spectrum, as well. 27 However, when, e.g., SPES is applied in photoion coincidence, the photoion mass selection only serves as a priori photoion mass discrimination.
To study dissociative photoionization, the photoelectron spectrum and the coincident mass spectra have to be reconstructed simultaneously, and it is the purpose of this paper to show how and how accurately this is possible.
The iPEPICO time-of-flight mass spectrometer has two acceleration regions, one of which is at a low draw out potential. Ions dissociating on the microsecond timescale will do so in this region, and yield asymmetric peaks in the TOF distributions as well as a somewhat broadened breakdown diagram because of the excess internal energy above the threshold the parent ion needs to quantitatively dissociate before leaving the acceleration region. Absolute unimolecular decay rate constants can be obtained by peak shape modeling, and can be used to account for kinetic shifts.
14 Peak shape modeling is difficult for non-volatile samples with few counts, 28 or in H atom loss, 29 for which the instrumental peak width is commensurate with the broadening due to the parent ion being metastable. We previously showed that, in such cases, peak shape modeling can be expanded by daughter ion TOF center of gravity (CoG) analysis to establish the dissociation rate curve. In such cases, the statistical model is fitted to the experimental breakdown curves (i.e. fractional ion abundances as a function of photon energy) and daughter ion CoG (i.e. daughter ion TOF peak center as a function of photon energy). This approach works well even with only a few hundred threshold ionization events recorded, 28 and can be further generalized to include higher moments for peak deconvolution. 30 The number densities can be even lower for reactive intermediates produced in flash pyrolysis, [31] [32] [33] which is part of the reason dissociative photoionization studies on free radicals are few and far between. 34 Photon energy scans also complicate time-dependent or pulsed, low duty cycle measurements. This can be alleviated by turning the time dimension of the photon energy scan into a spatial one and obtaining the complete breakdown diagram (BD) at a single photon energy.
We discuss the subtraction method currently used to suppress the hot electron contamination of the threshold signal in TPEPICO first. 9 The lowest energy dissociative photoionization channel, Br atom loss, of three C 4 H 5 Br isomers, 4-bromo-1-butyne, 1-bromo-2-butyne, and 3-bromo-1-butyne, is then reported. These are stable and volatile samples, for which threshold and imaging breakdown diagrams (iBD) can easily be compared. As opposed to C 3 H 5 + , which has only two covalently bound minima on the potential energy surface, [35] [36] [37] [38] 41 in soot formation in fuel-rich flames. [42] [43] [44] It was detected in the pyrolysis of methyl tertbutyl ether 45 and proposed to be a product in the unimolecular decomposition of dimethylfuran. 46 The ionic C 4 H 5 + is a dissociative photoionization product of isoprene 47 as well as a possible fragment of cyclohexadiene dications. 48 
Experimental approach
The photoionization experiments were carried out at the recently upgraded 11 VUV beamline 49 of the Swiss Light Source with the 600 lines per mm grating providing monochromatic VUV radiation with 2-3 meV resolution at 10 eV photon energy, calibrated to the Ar 11s 0 -14s 0 autoionization lines both in the first and in the second order. The higher harmonic radiation is suppressed by the laminar grating and eliminated by a compact, differently pumped gas filter run at 10 mbar of a Kr : Ar : Ne mixture with an absorption length of 10 cm. Three C 4 H 5 Br isomers, 4-bromo-1-butyne, 1-bromo-2-butyne, and 3-bromo-1-butyne, were purchased from SigmaAldrich, and introduced into the iPEPICO endstation 10 through a 30 cm long, 6 mm Teflon tube effusively at room temperature. The typical pressure in the experimental chamber was 1-2 Â 10 À6 mbar during measurement. A constant 40 or 120 V cm
À1
electric field extracts photoelectrons and photoions in opposite directions in the ionization region. The electrons are velocity map imaged and serve as the start signal for the ion TOF analysis. The photoions are space focused and the TOF stop signal is provided using a Jordan TOF C-726 microchannel plate detector. Threshold electrons are focused onto the center of the imaging detector. Kinetic energy electrons detected in a small ring region around this center spot are presumed to represent the kinetic electron background of the threshold signal well. As proposed by Sztáray and Baer, 9 the threshold photoionization mass spectrum can then be obtained by subtracting the ring mass spectrum, multiplied by a factor dependent on the center/ ring area ratio, from the center TOF distribution. This conceptually simple approach relies on two assumptions, namely that the hot electron contamination is mostly due to high kinetic energy electrons, with almost constant radial distribution close to the detector center, and, second, that the slow photoelectron yield does not increase too rapidly with kinetic energy. These assumptions hold most of the time for 0-10 meV electrons, but can lead to oversubtraction of the hot electron signal immediately above an intense photoelectron peak.
Results and discussion

Hot electron subtraction
The parent ion signal vanishes above the dissociative photoionization onset in the breakdown diagram of a fast dissociation. 50 It has been observed for certain samples 6, 51 that no constant kinetic electron background subtraction factor yields exactly zero parent abundance in threshold photoionization over a wide energy range above threshold. Since the deviations were small and arose at higher photon energies than the threshold, they did not affect the derived onset or thermochemistry. However, for completeness' sake, it is worthwhile to address and assess the inherent assumptions in hot electron subtraction. Fig. 1 (a) shows the Newton sphere corresponding to E kinetic energy electrons propagating from the ionization region. Our goal is to subtract their contribution from the central r 1 radius region based on the signal in the r 2 outer and r 1 inner diameter ring region exactly. In hot electron subtraction assuming constant collection efficiencies, the factor would be the area ratio of the two regions on the
. With isotropic photoelectron angular distribution in the vertical direction, the factor, in fact, corresponds to the areas of the spherical cap and the ring that are imaged onto the respective detector areas. These, in turn, are proportional to the heights, h 1 and h 2 À h 1 , respectively, ( Fig. 1(b) ) and can be calculated using the radius of the Newton sphere and that of the detector area:
Consequently, the kinetic energy dependent factor for subtraction is given as:
when the complete Newton sphere is imaged inside the spherical ring. The radius of the Newton sphere is proportional to the momentum and to the square root of the energy, R ¼ c ffiffiffi ffi E p . Fig. 1 (c) shows j(R)/f and j(E)/f with r 1 = 1, r 2 = 1.5 and c = 1. The exact factor first decreases quickly, as the low kinetic energy Newton sphere fills the ring area on the detector. At somewhat more than twice the maximum energy of the central area, the exact factor is only 40% of the center/ring area ratio on the detector. At higher energies, the exact factor converges relatively quickly to the detector area ratio, and reaches 90% at E = 7.
Albeit with some notable exceptions, such as water at its dissociative photoionization onset, 52 or in the presence of autoionizing resonances, 53 the photoelectron yield as a function of photon energy less the electron kinetic energy mirrors the photoelectron spectrum, PE(hn À E e À), also for threshold photoionization (E e À = 0). For a continuous electron kinetic energy distribution, the exact subtraction factor can be derived based on the known kinetic energy distribution of the electrons, normalized by the total photoelectron yield:
Fig. 1 (a) Newton half-sphere for E kinetic energy electrons with highlighted center and ring regions, (b) a sketch illustrating the calculation of h 1 , and (c) the ratio of the exact factor and the center/ring area ratio as a function of detection radius (blue curve) and energy (c = 1, red curve).
When based on a subtracted threshold photoelectron spectrum, PE(hn) = e c (hn) À f(hn)Áe r (hn), where e c (hn) is the electron yield in the center and e r (hn) is the electron yield in the ring, the factor depends only on the lower energy PE(E o hn), thus, the subtraction can be carried out in a self-consistent way on the TPES and the threshold ionization mass spectra simultaneously. Furthermore, the enhanced threshold photoionization cross sections (see below) can be taken into account by scaling the derived PE(E). We have tested the effect of this approach on threshold photoelectron spectra and breakdown diagrams, and found that self-consistent subtraction can be used to eliminate small oversubtraction effects in the breakdown diagram, while its effect on the TPES is marginal. Part of the reason is the threshold photoelectron peak, meaning that the hot electron contamination is by nature suppressed by the ionization mechanism, as well. Therefore, the subtraction procedure as proposed by Sztáray and Baer 9 is a good approximation for the overwhelming majority of systems, and will be used to suppress the hot electron contamination herein, as well.
Threshold photoionization
The TPES and the corresponding Br-loss breakdown diagrams for the three C 4 H 5 Br isomers are plotted from the ionization onset to the disappearance of the parent ion in Fig. 2 . Based on the symmetric daughter ion TOF peaks, two isomers, 3-bromo-1-butyne and 1-bromo-2-butyne dissociate without a kinetic shift, i.e. quickly on the time scale of the experiment. In such cases, the breakdown curve of the parent ion corresponds to the cumulative distribution function of the thermal energy distribution of the neutral, bd(hn) = cdf(E 0 À hn), and E 0 is the only adjustable parameter to obtain the best fit to the experimental data. 14 At low photon energies, 100% of the observed ion signal corresponds to the parent ion, and the low signal levels only result in somewhat increased noise at the onset of the TPES in Fig. 2(a and b) . At high energies, when the total thermal energy distribution of the sample is lifted well above the dissociation threshold, the parent ion vanishes, and the fractional abundance of the daughter ion reaches 100%. The thermal energy distribution as well as the densities and numbers of states are calculated based on harmonic frequencies and rotational constants from density functional theory calculations as discussed later. The C 4 H 5 + peak of the third isomer, 4-bromo-1-butyne, shows a marked asymmetry at low photon energies, and the parent ion dissociates slowly at threshold. The daughter ion peak center of gravity is a measure of the dissociation rate 
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constant, and is also used in the model and plotted in Fig. 2(c) , with the corresponding TOF distributions shown in Fig. 2(d) . In such cases, a statistical rate curve, k(E), is calculated based on the density of states of the dissociating ion and the number of states of the transition state. In addition to varying the onset energy, the transitional frequencies of the transition state are also scaled by a factor in the RRKM approach, to reproduce the experimental breakdown diagram and the measured rates simultaneously as shown in Fig. 2(c and d) . 14 The CoG curve of the fragment ion peak was never used before for systems with well-resolved asymmetries in the TOF distributions, such as in 4-bromo-1-butyne. The TOF distributions in Fig. 2(d) were calculated by the breakdown curve/ COG fit model of Fig. 2(c) , and the agreement shows for the first time convincingly that the two approaches are indeed equivalent.
Imaging breakdown diagrams
The VMI/photoion coincidence data were taken with 900-1200 s acquisition times, which yielded noise-free images and the integration times could have been decreased further. This compares favorably with the 10 times longer total acquisition time of a threshold photoionization breakdown diagram, and gives grounds for optimism that the iBD approach may be viable even when signal levels are prohibitively low to allow for a threshold photoionization breakdown diagram scan. Angular anisotropies have not been observed, and the dimensionality of the problem is reduced by only analyzing the radial distribution of photoelectrons and coincident fragment ions. Threshold photoionization breakdown diagrams do not depend on ambient parameters such as sample pressure or photon flux, and are generally unaffected by the characteristics of the photoelectron spectrum. 54 Intermediate Rydberg states can almost always channel all excess photon energy into the parent ion and yield a threshold photoelectron, filling in the Franck-Condon gaps by autoionization, 55, 56 with broad Franck-Condon gaps being the exception. 57 The Rydberg-state mediated threshold ionization mechanism 54 may also yield slow electrons, but velocity mapped photoelectron coincidence images depend on the photoelectron spectrum. The contribution of hn À
The reconstructed radial distribution at photon energy hn is obtained by integrating eqn (4) over the photoelectron spectrum:
The constant c is determined by fitting rd(r) to argon photoelectron radial distributions with the 2 Fig. 3 , photoelectrons in coincidence with a parent ion have higher kinetic energies as those in coincidence with a fragment ion. Obtaining the electron kinetic energy distribution based on the photoion mass-selected VMI images shown in Fig. 3(b) and (c), however, would discard the width and shape of the breakdown curves, which are known to correspond to the internal energy distribution of the neutral. Thus, we chose to obtain the photoelectron spectrum based on the sum of the parent and the fragment ion signal, i.e. the photoelectron yield, and then fit only the disappearance energy of the parent ion to reproduce the photoelectron images coincident with one or the other ion. The experimental radial distribution functions are integrated over 0.5 mm steps and shown as dots in Fig. 4(a)-(c) .
In the first step of the image reconstruction, the photoelectron spectrum was approximated on a grid with 100 meV spacing and a few extra points close to zero kinetic energy to account for the threshold peak (see later). A cubic polynomial interpolation function was defined on the grid, and the grid points fitted to reproduce the experimental radial distribution function in the projection space. One such PE(E) is shown in the energy space in Fig. 2(a) . It is apparent in Fig. 4(b) that the fine structure of the 1-bromo-2-butyne photoelectron spectrum is not resolved at such a low grid point density, even though it is barely visible in the radial distribution at r = 22-35 mm. On the other hand, there is virtually no noise propagation towards small radii, which is a prerequisite for an accurate breakdown diagram fit. A surprising feature is the enhanced threshold photoelectron production apparent in all three samples, i.e. the threshold peak, which could not be reproduced faithfully by the photoelectron fits, as it corresponds to a rapid increase in the photoionization cross-sections at very low electron kinetic energies, as seen in the center peak in Fig. 3 . This suggests that the autoionization mediated threshold photoionization mechanism, proposed by Guyon and Chupka, 58,59 mostly contributes to threshold photoionization. The model breakdown diagram is based on the cumulative distribution function of the neutral internal energy distribution and the disappearance energy of the parent ion, i.e. the 0 K appearance energy in fast dissociation reactions. 14 The fitted photoelectron yield, PE(E), was multiplied with the breakdown diagram, projected onto the detector plane and the appearance energy was optimized to fit the experimental coincident ion mass-selected photoelectron VMI radial distributions, with the results shown as continuous lines in Fig. 4(a)-(c) . Three aspects will be discussed here: (i) the effect of different extraction fields, (ii) extrapolation from within the energy range of the breakdown diagram, and (iii) modeling a kinetic shift based on daughter TOF peak center-of-gravity (CoG) data. Contrary to our expectations, the 40 V cm À1 VMI images, obtained for 1-bromo-2-butyne and shown in Fig. 4(b) , resulted in the largest error in the fitted E 0 , almost 50 meV or 5 kJ mol
À1
, when the image was obtained above the threshold (dark lines and dots), but only 20 meV or 2 kJ mol À1 , when the image was obtained at hn = 10.300 eV, at 25% parent ion abundance, and the E 0 fitted by extrapolation (light lines and dots). This can be compared with the 4 meV difference in between the imaging BD and threshold BD for 3-bromo-1-butyne, at an extraction field of 120 V cm
. It is possible that the poorly reproduced enhanced threshold ionization cross sections up to 2 meV or up to r = 2.4 mm affects the derived E 0 in the 40 V cm À1 case adversely. Thus, mildly higher extraction fields do not seem to decrease the accuracy of the method, and extrapolation from closely below the threshold can be just as exact as fitting an image obtained somewhat above it. The radial distribution of the daughter ion TOF peak CoG is also plotted in Fig. 4(c) for 4-bromo-1-butyne. Consider the CoG plot in the energy space as a function of photon energy in threshold photoionization, as shown in Fig. 2(c) and 4(d) . At low energies, the dissociation is so slow that the probability of a daughter ion being formed at the beginning of the extraction region is the same as that at the end. The peak shape is flat, and the CoG is in the middle of the metastable peak TOF range. At high energies, the dissociation is fast, and the CoG corresponds to the daughter ion TOF. Thus, the intermediate range corresponds to a sigmoid function, converging to the two limits with different slopes. Instead of using, e.g., a polynomial or a spline fit with a large number of unknowns, we decided to fit a Gompertz-type function 60 with only four adjustable parameters to the daughter ion CoG data as a function of photon energy, i.e. parent ion internal energy:
where Dt stands for the range of the CoG curve, c the growth rate, t d the TOF of the daughter ion, and E max is related to the CoG curve reaching the lower asymptote. The solid CoG curve in Fig. 4(d) , fitted to the threshold photoionization data, shows that this functional form can reproduce the CoG curve very accurately. Two of the parameters, t d and Dt, are easily deduced from both the threshold photoionization CoG data and the VMI-PEPICO CoG radial distribution, and need not be fitted.
Fitting parameters c and E max is then easily possible in threshold photoionization to reproduce the observed CoG(hn) curve. In VMI-PEPICO results, the daughter ion yield is multiplied by an assumed CoG function, renormalized and projected to the VMI space to reproduce the experimental radial CoG function. The dotted line in Fig. 4(d) shows the daughter ion CoG curve based on the VMI CoG fit, shown also as in Fig. 4(c) in the projection space. Apparently, the VMI fit suggests that the dissociation is always somewhat faster than it really is, and yields consistently lower daughter ion CoG. This is a consequence of the breakdown curve fit, which does not take into account the small broadening due to the slow rates, and, as the continuous breakdown curves in Fig. 4(d) show, predicts that the parent ion disappears from the breakdown diagram at a lower energy (DE -10.641 eV) than it really does. In addition to the photoelectron spectrum, three adjustable parameters are used to transform the VMI data for 4-bromo-1-butyne taken at a photon energy of 10.701 eV from the projection space into the energy space, as shown in Fig. 4(d) . The disappearance energy of the parent ion is fitted to yield a breakdown diagram, and Gompertz function in eqn (6) yields the daughter ion center-of-gravity as a function of the effective photon energy. The same statistical approach can be applied to model the VMI-based data in Fig. 4(d) (i. e. the continuous breakdown curves and the CoG function plotted as a dotted line) as was used for the threshold photoionization breakdown diagram and center-of-gravity data in Fig. 2(c) . The VMI onset energy thus derived agrees to the meV with the one based on threshold ionization, another unexpected result, which is partly a consequence of error cancellation between the center-ofgravity and breakdown curve fits to the VMI results. Consequently, kinetic shifts can be modeled just as well in the velocity map imaging based imaging breakdown diagram approach as in threshold photoionization data.
Breakdown curves are effectively molecular thermometers, 61 which opens up a new use for iBD modeling. If the width of the breakdown diagram, i.e. the temperature, is an adjustable parameter, the internal energy of a system can be measured based on a single VMI image. This multiplexing advantage can be helpful in time-dependent experiments, in which it is not feasible to scan the photon energy to obtain a threshold photoionization breakdown diagram, but easily possible to obtain VMI images as a function of time, based on which a time-dependent temperature function can be obtained.
Quantum chemical calculations
In two previous studies, it was possible to derive thermochemical values based on the dissociative photoionization onsets of constitutional isomers and a limited number of quantum chemical calculations. 38, 62 Such derivations require an understanding of the dissociation potential energy curve for the different isomers: if the phase space of the different isomers is shared at the dissociative photoionization threshold, the isomerization energy can be obtained as the difference in the 0 K appearance energies. This yielded isomerization energies directly for dichloroethylene isomers, 62 and, by the way of a few isodesmic reactions, also for four of the five C 3 H 5 Br isomers. 38 Even complex dissociation pathways are often governed by a few stationary points on the potential energy surface, as was shown for an Arduengo-type carbene, in which eight stationary points determine the dissociative photoionization mechanism over an energy range of 7 eV on the 75-dimensional potential energy surface (PES). 63 The C 4 H 5 + PES is, on the other hand, not only rich in minima and transition states, but it is also rather interconnected and anharmonic. In a previous quantum chemical study, Cunje et al. have located 14 different minima, some of which appear to be connected by internal rotation and some by bond breaking and making paths. 39 They used different levels of theory for high energy minima and transition states, and reported MP4SDTQ/6-311++G(2df,p) enthalpies of formation for six of the more stable structures. When two structures were connected by b-H atom transfer, they also reported isomerization activation energies on the order of 1-1.3 eV. Douberly et al. studied the infrared spectroscopy of protonated acetylene dimers, 40 which is a fifteenth, high-energy C 4 H 5 + local minimum, and also reported MP2(fc)/6-311++G(2d,2p) energies for three lower lying isomers, which agreed with the results of Cunje et al.
39
In an attempt to interpret the derived dissociative photoionization onsets and to contribute to the mapping of potential energy surface of the C 4 H 5 (+) system, we have employed the G4 composite method 64 of the Gaussian 09 computational chemistry suite 65 to the parent species and the positively charged and neutral C 4 H 5 structures as given by Cunje et al.
The results in Fig. 5 show the neutral optimized structures for C 4 H 5 Br and the ionic ones for C 4 H 5 as well as the energies for both. It is important to note that C 4 H 5 Br + energies do not take spin-orbit effects into account, which can have a significant effect on reaction energies and affect the potential energy surface of the ion. 66, 67 The C 4 H 5 PES was only sampled in the vicinity of the C 4 H 5 + minima, and further radical isomers have been the subject of more rigorous computational studies. 42, 68 The C 4 H 5 + energies correspond to singlet states, the lowest lying triplet structure is similar to [6] and lies 270 kJ mol À1 above [4] . Only the C 4 H 5 Br (+) isomers studied in this paper were calculated, whereas four further high energy minima were found to be above 280 kJ mol À1 in C 4 . The experimental differences, on the other hand, are 0.091 AE 0.014 eV and 0.332 AE 0.032 eV, indicating a significant discrepancy. If we assume that the dissociative photoionization of [1] also yields [7] , the theoretical prediction for the relative onset energies for [2] and [3] is revised by 0.142 eV to 0.104 eV and 0.319 eV, respectively, in good agreement with the experiment. The H-transfer barrier in the radical ion is more than 1 eV, 39 i.e. more than the depth of the potential energy well of the ion with respect to Br-loss. Thus, the dissociative photoionization process [1] - [7] + Br requires a concerted H-transfer transition state mediated by the leaving Br-atom. However, a reliable description of the open shell parent ion PES, to confirm or refute this mechanism, poses an insurmountable computational challenge. Experimentally, on the other hand, the fact that the dissociation is fast at the threshold for both [1] and [2] indicates firmly that there is no overall H-transfer barrier, because if there were one, slow tunneling rates would be observable across it. 29 
Conclusions
The Br-loss threshold photoionization breakdown diagram of 4-bromo-1-butyne, 1-bromo-2-butyne, and 3-bromo-1-butyne was analyzed together with the dissociation rates of 4-bromo-1-butyne to derive dissociative photoionization thresholds to C 4 H 5 + production. Computed isomerization energies of the neutral samples and radical cation products are discussed to shed light on the dissociative photoionization mechanism. Based on these, the eclipsed 4-bromo-1-butyne rotamer cation is stable in the energy range studied, and only the higher energy staggered rotamer cation may lose a Br atom to form a cyclic C 4 H 5 + isomer. The appearance energy differences can be explained if the other two samples are assumed to form the same CH 2 CCCH 3 + daughter ion. The ring-based subtraction scheme for hot electron suppression is discussed in mathematical detail, and we find that the significantly more tedious exact subtraction barely improves the threshold photoionization data. The VMI-PEPICO imaging breakdown diagrams were modeled by first fitting a low-resolution photoelectron spectrum to reproduce the observed photoelectron radial distributions, and then by optimizing the parent ion disappearance energy, which corresponds to the 0 K appearance energy of the fragments in the absence of a kinetic shift, to fit the observed photoelectron radial distributions in coincidence with parent and daughter ions. The kinetic shift in 4-bromo-1-butyne was calculated based on fitting a Gompertz function in the VMI projected space to the radial distribution of the daughter ion center of gravity in the coincident mass spectrum. The imaging breakdown diagram analysis showed that (i) the use of higher fields minimizes the effect of the threshold photoelectron peak, and can in fact lead to a more accurate onset energy, (ii) it is possible to accurately extrapolate to the threshold based on data taken at a lower photon energy than the E 0 , and (iii) the simultaneous modeling of kinetic shifts may actually improve the agreement between threshold and imaging breakdown diagram analysis because of error cancellation. Thus, VMI-PEPICO data taken at a single photon energy, in the vicinity of the appearance energy, can be used to determine the E 0 accurately. In addition to low number density samples, such as large organics or reactive intermediates, we also propose that imaging breakdown diagrams may be useful as an internal energy measure, i.e. as fast molecular thermometers in time-resolved experiments.
